Introduction
Rotavirus is a highly infectious, triple-layered icosahedral, non-enveloped virus particle with a genome of 11 segments of double-stranded Ribonucleic acid (RNA) (Petrie, Estes & Graham 1983) . It is recognised as the most important cause of acute gastroenteritis and dehydration in young children and animals (Estes 2001) . Although highly effective, currently available reassortant tetravalent rhesus rotavirus vaccines were found to cause a higher occurrence of intussusception in young children (Glass et al. 2006) . Moreover, the safe rotavirus-like particle (VLP) vaccines induce only partial protection and intestinal antibody secreting cell responses when used in conjunction with live attenuated human rotavirus (Gonzalez et al. 2004; Yuan et al. 2001 ) and 2/6-VLP vaccines do not protect suckling mouse pups from rotavirus diarrhoea (Coste et al. 2000) . Thus, effective protective rotavirus vaccines that are unlikely to cause intussusception would be highly desirable. The use of DNA vaccines is a new approach to protect animals and children against rotavirus. VLP and DNA vaccines may constitute a third generation of rotavirus vaccines (Chen et al. 1998; O'Neal et al. 1997) . It was previously reported that parenteral immunisation with rotavirus VP4, VP6 and VP7 DNA vaccines induce high levels of serum rotavirus Immunoglobulin G (IgG) but fail to protect mice against viral challenge (Chen et al. 1997; Herrmann et al. 1999; Yang et al. 2001) . It is therefore necessary to develop an efficient method to increase the immunogenicity of DNA vaccines.
The rotavirus nonstructural protein 4 (NSP4) is the first described viral enterotoxin and may inducing dose-and age-dependent diarrhoea in neonatal mice without causing histological alterations (Ball et al. 1996) . When mice were infected with rotavirus, NSP4-specific Immunoglobulin A (IgA) antibodies were generated in response to mucosal immunisation and transcytosed from the basal lamina into the mucosal epithelium (Gebert 1997) . Further, orally immunised mice produced maternal antibodies against NSP4, generating passive protection in newborn mouse pups against rotavirus challenge (Ward, Rich & Besser 1996) . Thus, NSP4 is thought to be a promising candidate for a rotavirus DNA vaccine that induces a significant and effective immune response (Ball et al. 2005) .
VP7 is a structural protein of the outer capsid of a rotavirus and is encoded in the seventh, eighth or ninth gene segment of the genome (depending on the viral strain) (Song & Hao 2009 ). VP7 may be the dominant immunogen for the production of neutralising antibodies, which are thought to have an important role in the protection against rotavirus-induced diarrhoea (Ward et al. 1990 (Ward et al. , 1993 and associate resistance to protect the host against diarrhoea upon challenge with the virulent parental rotaviruses (Hoshino et al. 1988) . Matsui et al. (1989) demonstrated that VP7 monoclonal antibodies (MAbs) have two distinct epitopes, with the specific epitopes defined by VP7-specific MAb 57-8 mediating protection against at least two rotavirus serotypes. From this we concluded that VP7 plays an important role in resisting rotavirus challenge.
In this study, a bicistronic plasmid was formed as a coexpression vector carrying the C-terminal of the porcine rotavirus (PRV) NSP4 and VP7 genes, and then inserted into the Salmonella typhimurium χ4550 strain as a DNA vaccine that was orally administered to BALB/c mice. The S. typhimurium χ4550 strain consists of attenuated bacteria of which the asd gene has been deleted. We evaluated the mucosal and systemic antibody responses. The results showed that the coexpression DNA vaccine mediated by a bicistronic plasmid could significantly enhance humoural and mucosal immune response.
Materials and method
Bacterial strains, plasmid, virus, cell lines and experiment mice
The attenuated S. typhimurium χ6212, χ3730 and χ4550 strains and plasmid PYA3342 were kindly provided by Professor Kai Schulze of the Helmholtz Centre for Infection Research, Braunschweig, Germany. The eukaryotic expression vector pVAX1 was purchased from Invitrogen, Carlsbad. It 'contains cytomegalovirus (CMV) immediate-early promoter for efficient expression and bovine growth hormone (BGH) poly A signal for mRNA stability' (Yang et al. 2009 ). The OSU rotavirus strain was used to generate cDNA and produce virus antigen stock, which was applied as the antigen in the enzyme-linked immunosorbent assays (ELISAs). MA104 cells and COS-7 cells were purchased from the China Center for Type Culture Collection (Wuhan, China). Six-weekold inbred BALB/c female mice were obtained from the Chengdu Institute of Biological Products (Chengdu, China).
Construction and reforming of the eukaryotic bicistronic expression vector pVAXD-asd
The vectors pVAXA and pVAXB were constructed by reforming the multiple cloning site of pVAX1. The product of pVAXA polymerase chain reaction (PCR) (-PCMV-MCS-BGHpolyA-) was linked with pVAXB to form vector pVAXD with two different multiple cloning sites. Dualenzyme digestion identification showed that the bicistronic vector pVAXD was successfully constructed. The aspartate β-semialdehyde dehydrogenase (asd) gene was amplified by PCR and digested by restriction enzymes BamHI and XbaI from plasmid PYA3342. We then used the Klenow fragment enzyme character to fill the sticky end of DNA fragments derived by enzyme restriction digestion to a flat end, and linked it with pVAX1 and pVAXD vectors that were removed from the 5' terminal phosphate group by calf intestinal alkaline phosphatase. The reformed plasmids, pVAX1-asd and pVAXD-asd, were reconstructed successfully and plasmid pVAXD-asd was sequenced by Invitrogen, Shanghai.
Construction of vaccine plasmid and its transformation into attenuated Salmonella typhimurium
Viral RNA was extracted from MA104 cells infected with the OSU rotavirus strain by using the RNAsimple Total RNA Kit (TIANGEN, Beijing). Total cDNA was obtained from the viral total RNA by a reverse transcriptase reaction procedure. The NSP4 segment was amplified from the cDNA using the sense primer S1 5'-CTGCAGCCGCCATGGAACAGGTTACTAC-3' (forward) and the antisense primer 5'-CTCGAGCTCACATA GACGCAGTTACTTCCGAC-3' (reverse). Underlined areas indicate the PstI and XhoI sites, respectively. The VP7 segment was amplified from the cDNA using the sense primer S2 5'-GCTAGCCGCCATGTATGGTATTGAAT-3' (forward) and the antisense primer 5'-GGTACCATCTAGACTCGGT AATAAAAGGCAG-3' (reverse). Underlined areas indicate the NheI and KpnI sites, respectively. The amplified DNA fragments of the NSP4 and VP7 genes were cloned into the pMD19-T vector (TaKaRa) and sequenced. The NSP4 fragment was released from the pMD19-T plasmid by PstI and XhoI digestion and ligated into the reformed pVAX1-asd plasmid. pVAXD-asd vectors were cut by the same enzymes. The recombinant plasmids were named pVAX1-asd-NSP4 and pVAXD-asd-NSP4. The VP7 fragment was subsequently released from the pMD19-T plasmid by NheI and KpnI digestion and ligated into the pVAX1-asd and pVAXD-asd-NSP4 vectors, cut by the same enzymes. The recombinant plasmids were named pVAX1-asd-VP7 and pVAXD-asd-NSP4-VP7. These plasmids, including pVAX1-asd-VP7, pVAX1-asd-NSP4, pVAXD-asd-NSP4-VP7 and pVAX1-asd, were electroporated into S. typhimurium χ3730 with a cuvette (1.8 kV, 200 Ω, 25 μF).
Positive transformants were electroporated into S. typhimurium χ4550 using the same method as described above. Lastly, the positive transformants were verified by PCR amplification and digested with restriction enzymes. The resulting strains were named χ4550 (pVAX1-asd-VP7), χ4550 (pVAX1-asd-NSP4), χ4550 (pVAXD-asd-NSP4-VP7) and χ4550 (pVAX1-asd).
Transfection of COS-7 cells and transient expression
COS-7 cells were seeded in six wells of tissue culture plates (Costar, Shanghai). Cells were transfected with the recombinant plasmids pVAX1-asd-VP7 in the first well, pVAX1-asd-NSP4 in the second well, pVAXD-asd-NSP4-VP7 in the third and fourth wells, and pVAX1-asd in the fifth and sixth wells according to the instructed protocol provided by the supplier (Invitrogen Life Technologies, Carlsbad). Cells were washed with phosphate buffered saline (PBS) after 36 hours, then fixed with an ice-cold methanol and acetone mixture (1:1) at 4 °C for 30 min and washed again with PBS. Two kinds of diluted primary antibody were collected from rabbits immunised by prokaryotic express protein VP7 and NSP4, respectively, and incubated at 37 °C for 1 h. Diluted secondary antibodies (FITC-conjugated goat anti-rabbit IgG) were then added to all groups and plates were incubated at 37 °C for 1 h.
Detection of the transcription of NSP4 and VP7 genes in vivo
Six-week-old mice were orally inoculated with 1 × 10 9 CFU of χ4550 (pVAXD-asd-NSP4-VP7). Three days post immunisation, Payer's patches were removed from three mice and pooled. Cellular RNA was isolated from homogenised Payer's patches with Trizol (TaKaRa, Dalian) according to the manufacturer's instructions. The transcripts of PRV NSP4 and VP7 genes in Payer's patches were analysed by means of reverse transcription (RT) PCR using specific primers S1 and S2 described earlier (Yang et al. 2009 ).
Stability and safety of recombinant attenuated Salmonella typhimurium
A single bacterial colony of the selected recombinant χ4550 (pVAXD-asd-NSP4-VP7) strain was inoculated into antibiotic-free Luria-Bertani (LB) liquid medium and incubated at 37 °C, 200 r/min until the optical density of the culture reached approximately 0.6 at 600 nm. We then inoculated the bacterium (1:50) into antibiotic-free LB liquid medium and incubated samples at 37 °C, 200 r/min. Over the next 18 hours, at three-hour intervals, the bacterium was transferred from the LB liquid medium onto LB agar medium and identified by RT-PCR with specific primer S2. A gavage needle was used to inoculate six-week-old BALB/c mice (groups of three) intragastrically with χ4550 (pVAXD-asd-NSP4-VP7) at a dosage of 1×10 8 CFU, 1×10 9 CFU and 5×10 9 CFU. They were boosted with the same dosages two weeks later. At the same time, the control group was given PBS at the same dosages. The health of the mice was observed every day for 30 days.
Inoculation of mice
Eight-week-old BALB/c mice were randomly assigned to six groups of 15 each:
On day 1 mice of groups B, C, D and E were orally immunised with 0.2 mL Salmonella suspension (1 × 10 9 CFU) and boosted with the same dosage twice at two-week intervals. The coimmunised group (F) received the same dosage of two equally mixed Salmonella suspensions (1 × 10 9 CFU) on days 1, 14 and 28. The control group (A) received 0.2 mL PBS on days 1, 14 and 28.
Collection and analysis of samples
Three mice from each group were sacrificed for sera and intestinal lavage on days 1, 14 and 28. Blood was collected from the submaxillary sinuses of the mice and sera were prepared and stored at -20 °C until use. The intestinal fluid of each mouse was prepared by dicing the entire small intestine, excluding fat and the pancreas, and triturating it in 5 mL PBS containing 1 mmol/L phenylmethylsulfonyl fluoride (PMSF). To remove cellular debris, samples were centrifuged at 12 000 × g for 30 min. The supernatant was collected as resultant intestinal lavage and stored at -20 °C until use.
For measurement of rotavirus serum IgG and intestinal IgA levels in immunised mice, an indirect ELISA was used as described previously (Yang et al. 2009 ). Data of serum IgG and intestinal IgA titres were analysed using one-way analysis of variance. Significant differences were found amongst all immunisation groups (p ≤ 0.05).
Measurement of interferon-γ production
Spleens of three mice from group E were removed aseptically and pooled into 10 mL RPMI1640 medium 14 days after the third immunisation. Splenocytes were isolated by using a cell constrainer and centrifuged at 1000 rpm for 10 min at room temperature. The cell pellet was re-suspended in 10 mL of the mentioned medium and the concentration of cells was adjusted to 5 × 10 6 cells/mL. An aliquote of 2 mL of this cell suspension and 20 mg of stimulant protein NSP4 and VP7 equivalent admixture were added to each well of a 24-well pate. Plates were incubated in CO 2 at 37 °C for 72 h. The splenocyte culture supernatants were collected for interferon-γ (IFN-γ) analysis using an IFN-γ ELISA kit according to the manufacturer's instructions (Fangcheng Biotech, Beijing).
Ethical considerations
Animals were handled humanely during sample collection under the supervision of veterinarians and according to procedures complying with Chinese laws.
Results

Reforming eukaryotic expression vector pVAX1-asd and pVAXD-asd
The asd segments with flat ends were ligated into plasmid pVAX1 and pVAXD and then heat-shock transformated into χ6212 competent cells. Fragments of 1400 base pairs (bp) were amplified by RT-PCR from a single bacterial colony, indicating that the vectors pVAX1-asd and pVAXD-asd were reformed successfully (Figure 1) .
Construction of the transient expression of vaccine plasmid pVAX1-asd-VP7, pVAX1-asd-NSP4, pVAXD-asd-NSP4-VP7
A fragment of 300 bp was amplified by RT-PCR from the PRV OSU strain. Sequence analysis showed that the amplified sequence was 267 bp in length and encoded 89 amino acids. The result of sequence alignment showed that the predicted amino acid sequence exhibited 97.8% homology with the sequence of the NSP4 gene fragment (87-175) of the PRV OSU strain. The NSP4 gene fragment was inserted into the pVAX1-asd and pVAXD-asd vectors. Another 1000-bp fragment was amplified by RT-PCR from the PRV OSU strain. Sequence analysis showed that the amplified sequence was 987 bp in length and encoded 326 amino acids. The result of sequence alignment showed that the predicted amino acid sequence exhibited 99.4% homology with the sequence of the VP7 gene fragment of the PRV OSU strain. The VP7 gene fragment was inserted into the pVAX1-asd and pVAXD-asd-NSP4 vectors. The recombinant plasmids pVAX1-asd-NSP4, pVAX1-asd-VP7 and pVAXD-asd-NSP4-VP7 were electroporated into S. typhimurium χ4550 strain. They were subsequently detected by enzyme restriction analysis (Figures 2, 3 and 4) .
Transient expression of recombinant plasmids in COS-7 cells
The expression of recombinant plasmids pVAX1-asd-VP7, pVAX1-asd-VP7 and pVAXD-asd-NSP4-VP7 was Column 1, DNA marker III; Column 2, products of recombinant pVAX1-asd coenobium polymerase chain reaction identification; Column 3, products of recombinant pVAXD-asd coenobium polymerase chain reaction identification; bp, base pairs. Column 1, DNA marker III; Column 2, pVAXD-asd-NSP4-VP7 digested with PstI and XhoI; Column 3, pVAXD-asd-NSP4-VP7 digested with NheI and KpnI; Column 4, pVAXD-asd-NSP4-VP7 digested with PstI; bp, base pairs. 
Transcription of recombinant plasmids in vivo using attenuated Salmonella typhimurium as transgenic vehicle
Three days after intragastrically inoculating mice with attenuated S. typhimurium χ4550 (pVAXD-asd-NSP4-VP7), Payer's patches were removed from three mice and used for RNA extraction. Payer's patches are not only the main colonisation site of attenuated S. typhimurium but also an important immunologically relevant site in the context of mucosal responsiveness. Two fragments of 300 bp and 1000 bp, respectively, were amplified by RT-PCR (Figures 6 and 7 ).
Stability and safety of recombinant attenuated
Salmonella typhimurium
Selected single bacterial colonies of recombinant χ4550 (pVAXD-asd-NSP4-VP7) were inoculated into antibiotic-free LB medium. The recombinant plasmids were subsequently identified by RT-PCR for 18 hours at three-hour intervals. The positive ratio reached 100%, showing that the recombinant plasmid was of high stability. BALB/c mice that had been inoculated orally with χ4550 (pVAXD-asd-NSP4-VP7) at different dosages were used for safety analysis. No adverse reactions were observed during the observation period; the diet, stools and health of the mice were all normal.
Production of serum anti-rotavirus IgG antibodies
Following oral immunisation with all recombinant S. typhimurium vaccines, all mice developed detectable serum IgG titres against rotavirus. Serum anti-rotavirus IgG was measured by indirect ELISA using a 1:100 dilution of immunised mouse serum. As shown in Figure 8 , the anti-rotavirus IgG was produced fast and appeared 28 days post inoculation. In group B and C, we could infer that the antibody level of VP7 expression was significantly higher than NSP4 expression (p < 0.05). In addition, the coexpression of recombinant S. typhimurium χ4550 (pVAXDasd-NSP4-VP7) produced the highest antibody level in group E, which was somewhat similar to that of group D and group F. No specific anti-rotavirus antibodies were observed in serum samples of group A (PBS) or group B (χ4550 [pVAX- 
Production of intestinal lavage anti-rotavirus IgA antibodies
The ability of the recombinant S. typhimurium vaccine to induce a mucosal immune response was determined by detecting the level of IgA antibodies to rotavirus in intestinal lavage samples. As shown in Figure 9 , the anti-rotavirus IgA was produced fast and first appeared after 14 days. A oneway analysis of variance indicated that there was not much difference amongst groups C, D, E and F, which received χ4550 (pVAX1-asd-NSP4), χ4550 (pVAXD-asd -VP7), χ4550 (pVAXD-asd-NSP4-VP7), χ4550 (pVAX1-asd-NSP4) and χ4550 (pVAXD-asd -VP7), respectively. Up to day 28 post inoculation, there were significant differences amongst each group. The IgG antibody level of co-expression group E was the highest, that of group B and C was similarly low and for co-immunised group F the antibody level was notably higher than that of group C and D, but somewhat lower than for group E. No specific anti-rotavirus antibodies were observed in the intestinal lavage sample of group A (PBS) or group B (χ4550 [pVAX-asd] ).
Detection of interferon-γ secretion by splenocytes
The secretion of IFN-γ by splenocytes in the supernatant of the cultures was detected by ELISA. A total of 1097.693 pg/mL IFN-γ was secreted by group E, which was much higher than that of the control group (group B) at 781.7125 pg/mL. This indicated that the immunity of mice was considerably increased post inoculation with the χ4550 (pVAXD-asd-NSP4-VP7) vaccine.
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Discussion
This experiment demonstrated that a bicistronic DNA vaccine that encodes the PRV VP7 protein and the C-terminal of the NSP4 protein simultaneously and is delivered by an attenuated S. typhimurium χ4550 strain, was a potent vaccine, which induced a significantly higher level of serum IgG, mucosal IgA and splenocyte IFN-γ than in the mice immunised with a single-expression vaccine.
DNA immunisation is a considerable vaccination strategy, which has many desirable characteristics for an ideal vaccine, including induction of broad immune responses and longlasting immunity against diseases. In addition, oral delivery of plasmid DNA vaccines with bacteria as carriers is more efficacious than traditional DNA vaccines. Compared 'to immunization with naked plasmid DNA, no further plasmid amplification and purification steps are needed, thereby reducing cost and labour extensively' (Schoen et al. 2004) .
Oral immunisation with a rotavirus DNA vaccine was first demonstrated by Chen et al. (1997) . Yang et al. (2001) reported that intramuscular immunisation of mice with VP6 DNA vaccines induced high levels of VP6-specific serum IgG and IgA antibodies but not fecal IgA antibodies. Our study provided evidence that attenuated S. typhimurium strain χ4550 could be used as an oral delivery vector for PRV DNA OD450, optical density at 450 nm. vaccines. The target gene could be expressed both in vitro and in vivo to develop a specific humoural, mucosal and cellular immune response against PRV.
Live bacteria as DNA vaccine vectors offer many potential advantages in contrast to inactivated or attenuated vaccines. They are able to deliver multiple antigens safely with easy oral immunisation. Bacteria naturally contain immunostimulatory molecules such as lipopolysaccharides, which can function as an adjuvant to provoke immune responses (Pasetti, Levine & Sztein 2003) . Besides, Salmonella carrier strains have been shown to escape from the primary vacuole of the phagosome and transfer plasmids effectively to mammalian host cells in vivo (Schoen et al. 2004) . Live Salmonella vectors have also been shown to induce a systemic immune response, including humoural, cellular and mucosal immunity against pathogen infection (Lintermans & Greve 1995) .
Safety is a prerequisite for plasmid DNA vaccines with live bacteria as vectors. In this study, we reconstructed the new plasmid by removing the kanamycin resistance gene and replaced it with the asd gene using a balanced lethal system. RT-PCR was used to ensure that the plasmids, pVAX1-asd and pVAXD-asd, were reconstructed successfully. The asd gene is a diaminopimelic acid (DAP) biosynthetic gene, which is an important component of the cell wall of Gramnegative bacteria. As bacterial amino acids are not found in eukaryotes, no Salmonella could survive without DAP. An S. typhimurium χ4550 strain without an asd gene was chosen as the plasmid DNA carrier as it was the only strain in which reconstructed plasmids could survive. During the experiment, the diet, stools and health of mice were all normal and no adverse reactions were observed. All the results suggested that the reconstructed S. typhimurium χ4550 strain vaccine was safe.
The structural protein VP7 of a rotavirus constitutes the outer shell of the virion and elicits the production of distinct neutralising antibodies in the host. It is thought to play an important role in protecting rotavirus-induced diarrhoea. In previous research a murine model was constructed to express the rotavirus VP7 protein with a transmissible gastroenteritis virus vector to immunise and provide protection against infections (Ribes et al. 2011) . 'Rotavirus-specific antibodies were found only after immunization by the intraperitoneal route. Partial protection against rotavirus-induced diarrhoea was achieved in suckling BALB/c mice born to dams immunized with the recombinant virus' (Ribes et al. 2011) when they were orally challenged with the homotypic rotavirus. According to this study, improving the immunity of VP7 was stringently demanded. Kavanagh et al. (2010) also demonstrated that the NSP4 protein of a rotavirus has mucosal adjuvant properties, because it is a multifunctional protein that functions in rotavirus morphogenesis and pathogenesis and was the first viral enterotoxin to be described. This discovery correlates with the observation that inclusion of specific adjuvants in vaccines can modify the presentation modality of antigens to the immune system and improve the induction of the immune response over that induced by the same antigen given alone (Buonaguro, Tornesello & Buonaguro 2009 in Kavanagh et al. 2010 . For these reasons, we reconstructed a bicistronic DNA vaccine harbouring the VP7 and NSP4 proteins synchronously. Both serum IgG and mucosal IgA antibody response against the rotavirus were detected post inoculation with the DNA vaccine. The vaccine expressing only the NSP4 protein elicited a weak anti-rotavirus IgG and IgA antibody response. However, the vaccine expressing only the VP7 protein induced a significantly stronger response, similar to that induced by co-immunised NSP4 and VP7 proteins. The bicistronic DNA vaccine co-expressing the VP7 and NSP4 proteins induced the highest IgG and IgA antibody levels. Thus, we concluded that the immunogenicity of a rotavirus DNA vaccine could be improved by co-expressing the VP7 and NSP4 proteins.
This study was the first to construct a eukaryotic bicistronic plasmid DNA vaccine harboured by the prokaryotic expressing S. typhimurium χ4550 strain and elicited desirable humoural and mucosal immune response against rotavirus. Further experiments are needed to elucidate the immunologic mechanism of this recombinant DNA vaccine.
Conclusion
We described the construction of a bicistronic plasmid DNA vaccine against porcine rotavirus, which carries the NSP4 and VP7 genes simultaneously. BALB/c mice were orally immunised with an attenuated S. typhimurium χ4550 strain expressing the vaccine. Significant levels of serum IgG, intestinal IgA and IFN-γ were induced by the reconstructed bicistronic DNA vaccine, suggesting that it may be a promising vaccine candidate against porcine rotavirus.
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